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	This paper presents a simulation of motion of a bipedal robot and a comparison between the result of simulation and the actual robot. The hip and the knee are modeled as one degree of freedom (DOF) hinge respectively. The traction or gait is modeled as nonlinear joint alternating between one DOF pin joint and losing contact modes during the motion of the robot. The motion is modeled as a plane motion and the equation of motion is developed using the Lagrangian method. Besides torque, the jerk and impacts during the motion are observed and analyzed in the simulation. A spread sheet analysis is also performed to confirm and verify the result of simulation. In the actual robot, a PID control system is used. Various values of PID gains are set for the experiments, and the resulting behavior of the robot is observed.












Bipedal robot means two legged robot. It came from the word “bi” which means two and “ped” which means foot. Bipedal robot is a part of a humanoid robot. Humanoid robot itself means a robot which mimics the functionality of a human body part. Among the other humanoid robots, the bipedal robot can be considered the most complex robot in the terms of both mechanical design and control design. This is why the first part of humanoid robot being developed usually is the bipedal robot. Compared to the other drive unit such as wheeled robot, the bipedal robot has the most mobility, especially on rough terrains, climbing stairs and on ground with many obstacles [1]. Moreover another advantage of legged-robots is that it has a better efficiency than those of wheeled robots [2]. The design of the bipedal robot at this paper is based on the design of test bench RABBIT [3], which is a bipedal robot made by the joint research of several universities around Europe in France. RABBIT uses tower to support the robot in its sagittal plane. The bipedal robot has four DOFs: one in each knee and one joint each leg connecting the leg and the hip. Each joint is driven by permanent magnet DC motor with embedded rotary encoder. The overall size of the bipedal robot is 250x250x550 mm. The following paragraph discusses our exploration of preliminary study on bipedal robot. Figure 1 shows the bipedal CAD mechanical model. Figure 2 shows the prototype realization with tower to support circular movement. 






Figure 2 Realization of bipedal robot 
 with tower to support its
 circular movement [4]

MATHEMATICAL MODEL 
The mathematical model used in this work is the Lagrangian model [3]. The Lagrangian method is involving a virtual energy which is denoted with the “L” and it is calculated through the Formula (1).
L = K – V 				(1)

where: 
L = Lagrangian variable
K = Kinetic energy




Figure 3 Linkage illustration







	:	horizontal position of the point of interest after rotated
	:	vertical position of the point of interest after rotated
	:	horizontal origin position
	:	vertical origin position
	:	rotation matrix (eq. 3)
	:	horizontal position of the point of interest when link is positioned horizontally
	:	vertical position of the point of interest when the link is position horizontally





	:	potential energy of link i
	:	mass of link i
	:	gravitaion constant value of 9.81 m/s2
	:	vertical position of the center of mass of  link i








	:	angular velocity of the link






	:	horizontal velocity of link i at its center of mass
	:	vertical velocity of link i at its center of mass
	:	moment of inertia about the link's center of mass





	:	represent the torque needed to move the linkage
q	:	matrix transformation of joint coordinate into Cartesian coordinate

SIMULATION DESIGN
To confirm that design of the robot is capable of walking according to human sense, a simulation is conducted. The simulation in this work is conducted using SolidWorks® software, and an add-in called SolidWorks® Motion™. The add-in allows the user to simulate the previously designed mechanical design in SolidWorks®. It allows the user to add motors as actuators to move the system according to the user’s needs. There are six motor types available in the simulation: constant speed, distance, oscillating, interpolated, expression and servo. The selection of the motor type in this work is limited to the first four types. It is the last two are left as options due to their complexity. Among the four motor types, the most suitable type for the movement of the robot gait is the interpolated type.
The interpolated type lets the user to enter specific angular distance or angular speed at any time, and the movement of the motor will be interpolated based on one of three functions available: linear, cubic and Akima.  Linear interpolation will interpolate the motion of the motor according to the linear function. On the other hand, the cubic and Akima interpolation allows the interpolation of cubical function and Akima interpolation function respectively.
After testing the three interpolation type, the most suitable type is the Akima because it produces fewer jerks than the other two interpolation types. After selecting the type, the position is introduced to the interpolation model. Table 1 shows the motor data which is plotted in Figure 4 - Figure 7. Motor 1 until 4 respectively represents the motor moving right leg, right thigh, left leg and left thigh.

Table 1 Motor Position Data






















Figure 7 Motor 4 displacement

















Figure 11 Torque of Motor 4













Figure 14 Calculated Torque of Motor 3


Figure 15 Calculated Torque of Motor 4





The final comparison made with the real mechanism. The objective is to compare the positional behavior of the real motor and the Akima interpolated motion from simulation. The motor control uses a PID  controller, and so the behavior of the motor is based on the PID constant assigned. Table 2 gives the result of the motor's responses when running the motor 1 and motor 2 subjected to different PID constants (compare with Figure 1 and Figure 2). 
The reason to use all three PID constants is driven by the prior experiments. First, the experiment is done with only Kp alone and there is overshoot and steady state error produced by the motor. Therefore the Kd and Ki is added to the PID controller. The tuning of the PID controllers in this project is by trial and error after monitoring the output with Serial chart program.










Table 2 lists how the real motor behaves differently with the Akima interpolated motor in the simulation. Since the position behavior is different, it can also be concluded that the torque characteristic of the real mechanism will also be different from those of the simulation and the calculation. The line shows the simulation of position of motor, and the dash shows the calculated position.
The origin of the differences is a subject to be explored further. To reduce the difference between the simulation and the real motor, the final two motor types available in SolidWorks® Motion® should be explored, namely: Servo and Expression type.

CONCLUDING REMARKS
After performing some exploration, several points of the study can be drawn. They are: 

1.	the real motor behaves differently from that of the Akima interpolated motor motion in the simulation. The real motor behaves according to the Ordinary Differential Equation, whereas the simulated function is interpolated with the Akima interpolation function,
2.	the simulation is time oriented while the real mechanism is velocity oriented. In the simulation design, the interpolated function is based on the angular position determined for each two seconds. So, the motor will reach each determined position in every two seconds, no matter how long the distance between the original position and the goal position. It would take the same two seconds to travel 15o and 45o in the simulation. On the other hand, the real mechanism of course would not behave in such manner. The real mechanism has a constant angular velocity which is the characteristic of the motor, so it would take longer to travel 45o than to travel 15o,
3.	the simulation is only able to simulate a part of the real system. The simulation has its limitation. For example the motor type is limited, the contact properties are limited, etc. Therefore it can only give an overview of the system, but cannot give the exact detail of the reality.

FUTURE WORK
There are several possible work to be done, namely,
1.	to find the more suitable mathematical model for the system. There are abundant mathematical model for bipedal robot.
2.	the simulation effort  could be performed by involving open source simulation package, such as V-REP.
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